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FIG.94
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FIG. 114
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POWER AMPLIFYING APPARATUS USING
ASYMMETRIC POWER DRIVE

FIELD OF THE INVENTION

The present mvention relates to a high ethiciency and
linearity power amplifying apparatus; and, more particu-
larly, to a power amplifying apparatus using an asymmetric
power drive, which employs a microwave Doherty amplifier.

BACKGROUND OF THE INVENTION

As well-known 1n the art, a Doherty power amplifier has
a structure of a carrier and a peaking amplifier connected 1n
parallel by using a quarter-wave transformer (A/4 line).
Further, the Doherty amplifier 1s driven by a symmetrical
power driving method in which the peaking amplifier con-
trols a load impedance of the carrier amplifier by increasing
the amount of current supplied to the load from the peaking
amplifier as the power level 1s increased, thereby improving
ciliciency.

A microwave Doherty amplifier has been used in an
amplitude modulation (AM) transmitter of a broadcasting
apparatus using a high-power low-frequency (LF) vacuum
tube or a medium frequency (MF) vacuum tube. There have
been a variety of proposals for implementing the microwave
Doherty amplifier with a solid-state device without using a
vacuum tube, and numerous researches have been conducted
to 1implement the proposals.

A Doherty amplifier employing an asymmetric power
driving method has achieved high efliciency and linearity.
Especially, the Doherty amplifier employed 1n base stations
and handsets for mobile communications 1s implemented by
using approximately same-sized solid-state devices, the
same 1nput and output matching circuits and an input power
drive. In this case, a carrier amplifier 1s biased as a class AB,
and a peaking amplifier a class C. Since the peaking ampli-
fier has a lower bias than that of the carrnier amplifier, it 1s
problematic that the current level of the peaking amplifier 1s
always lower than that of the carrier amplifier depending on
a power level.

FIG. 1 shows the amplitude of a current component
according to each bias level, 1.e., a conduction angle. As
illustrated 1n FIG. 1, a tfundamental current component’s
amplitude of the peaking amplifier biased at a lower level 1s
lower than that of the carrier amplifier. The carrier amplifier
whose bias point 1s the class AB has a conduction angle
ranging from 7 to 27 and, therefore, has the amplitude of the
fundamental current component ranging from 0.5 to 0.536 at
a maximum input power. Meanwhile, the peaking amplifier
operated 1n the class C has a conduction angle ranging from
0 to m and, thus, has the amplitude of the fundamental
current component ranging from O to 0.5. Accordingly, the
fundamental current component of the peaking amplifier
does not reach that of the carrier amplifier. As a result, a load
modulation (a phenomenon 1n which load impedance of the
front end of a current source varies with an amplitude of
current generated from the current source) occurs and,
turther, serious problems are caused in the Doherty opera-
tion.

Moreover, as shown 1n FIG. 9A to be described later, due
to the lower bias level of the peaking amplifier, the funda-
mental current component of the peaking amplifier 1s
detected only when a driving voltage thereof 1s equal to or
higher than a certain level.

Therefore, 11 the carrier amplifier 1s driven at a maximum
input power, the fundamental current component level of the
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peaking amplifier 1s lower than that of the carrier amplifier
and, further, the peaking amplifier 1s not driven at the
required maximum input power, thereby generating a much
lower fundamental current. As a result, the Doherty ampli-
fier 1s not able to generate a desired maximum output power.

In order to overcome the above-described problems, a
research finding has been published regarding considerably
improved a typical Doherty amplifier in terms of a maxi-
mum output power while maintaining the high etliciency
thereol by employing an envelope tracking device or an
input power tracking device. Further, various researches
have been done 1n order to actually implement the Doherty
amplifier 1n a microwave bandwidth, and one of them 1is
shown 1 FIG. 2.

A Doherty amplifier shown 1n FIG. 2 includes a carrier
amplifier 204 and a peaking amplifier 206 1n parallel; a
power divider 200 for providing a same power to the carrier
amplifier 204 and the peaking amplifier 206; a transmission
line 202 for synchromizing phases between the carrier ampli-
fier 204 and the peaking amplifier 206; an offset line 208 for
generating a proper load modulation by increasing an
impedance output while the peaking amplifier 206 1s not
operating; and quarter-wave transmission lines 210 and 212
for performing the Doherty operation.

Such Doherty amplifier as in FIG. 2 1s implemented 1n a
manner that the carrier amplifier and the peaking amplifier
have the same 1nput/output matching circuits and yields the
same output, so that a maximum output can be produced by
cach Doherty amplifier. Further, by sequentially providing
the output matching circuits and, in turn, the offset line 208
at output ends of transistors in the carrier and the peaking
amplifiers, an 1maginary part as well as a real part can be
matched, thereby enabling the Doherty operation while
obtaining the maximum output power. (See, Y. Yang et al,
“Optimum Design for Linearity and Efliciency of Micro-
wave Doherty Amplifier Using a New Load Matching
Technique,” Microwave Journal, Vol 44, No. 12, pp. 20-36,
December 2002.)

Further, FIG. 3 provides an N-way Doherty amplifier
having an optimum design for efliciency and linearity while
improving a typical Doherty amplifier (See, Y. Yang et al, “A
Fully Matched N-way Doherty Amplifier with Optimized
Linearity,” IEEE Trans. Microwave Theory and 1ech., Vol.
51, No. 3, pp. 986-993, March 2003.)

Unlike the configuration shown in FIG. 2, the N-way
Doherty amplifier 1llustrated in FIG. 3 performs the Doherty
operation with a single carrier amplifier 302 and a (N-1)-
number of peaking amplifiers 304. Further, an N-way splitter
300 1s used for putting the same mnput 1into the single carrier
amplifier 302 and the peaking amplifiers 304.

FIG. 4 presents an N-stage Doherty amplifier for gradu-
ally achieving high efliciency from a much lower power
level 1n comparison with a general Doherty amplifier (See,
N. Srnirattana et al, “Analysis and design of a high efliciency
multistage Doherty amplifier for WCDMA,” EuMC Digest
2003, Vol. 3, pp. 1337-1340, October 2003.) The Doherty
amplifier shown in FIG. 4 has an N-way power divider 400
for performing the Doherty operation by putting the same
input 1into a single carrier amplifier 402 and a (N-1)-number
of peaking amplifiers 404.

The following 1s a brniel explanation of the Doherty
amplifier. First of all, the carrier amplifier 402 1s turned on
and, then, a first peaking amplifier PA, 1s turned on, to
perform the Doherty operation. Thereafter, both of the
carrier amplifier 402 and the first peaking amplifier PA,
serve as a carrier amplifier while a second peaking amplifier
PA, serves as a peaking amplifier, thereby performing the




Us 7,342,444 B2

3

Doherty operation together. Such operation 1s carried out up
to a last peaking amplifier PAN,, ,. As the Doherty opera-
tion 1s performed gradually and successively as described
above, maximum efliciency can be obtained from a much
lower power level. Further, it 1s also possible to repeatedly
obtain the maximum efliciency over intermediate power
levels, so that high efliciency can be obtained over a full
power level.

In the meantime, in order to solve a problem in which the
Doherty amplifier do not produce a maximum power output
due to a low bias when the Doherty amplifier 1s implemented
by using a solid-state device, there has been proposed a
Doherty amplifier by using an envelope tracking device
(See, Y. Yang et al, “A Microwave Doherty Amplifier
Employlng Envelope Tracking Techmque for High Efli-
ciency and Linearity”, IEEE Microwave and Wireless Com-
ponents Letters, Vol. 13, No. 9, September 2003., and J. Cha
¢t al, “An Adaptive Bias Controlled Power Amphﬁor with a
Load Modulated Combining Scheme for High Efhliciency
and Linearity”, IEEE MTT-S Int. Microwave Sympo. Vol. 1,
pp. 81-84, June 2003.) However, even in the proposed
Doherty amplifier, an additional device for controlling the
power level of the peaking and the carrier power amplifiers
1s st1ll required 1n order to achieve an improved linearity and
the maximum output.

SUMMARY OF THE

INVENTION

It 1s, therefore, an object of the present invention to
provide a Doherty amplifier using an asymmetric power
drive, to thereby achieve optimized linearity while main-
taining high efliciency.

It 1s another object of the present imnvention to provide a
power amplifying apparatus using the Doherty amplifier.

In accordance with an aspect of the present invention,
there 1s provided a power amplifying apparatus, which
includes: a carrier amplifier and a peaking amplifier con-
nected 1n parallel; and asymmetric power driving means for
driving the carrier amplifier and the peaking amplifier using
an asymmetric power drive.

In accordance with another aspect of the present inven-
tion, there 1s provided a power amplifying apparatus, which
includes: a Doherty amplifier having N-number of amplifiers
connected in parallel, the N-number of amplifiers including
a single carrier amplifier and (N-1)-number of peaking
amplifiers; asymmetric power driving means for driving the
N-number of amplifiers using an asymmetric power drive;
and a Doherty network, connected to an output end of the
Doherty amplifier, for controlling a load impedance of the
amplifving apparatus to derive a load modulation of the
Doherty amplifier.

In accordance with further another aspect of the present
invention, there 1s provided a Doherty power amplifier,
which includes: a carrier amplifier and one or more peaking,
amplifiers connected i parallel, each having mnput and
output matching circuits, wherein the input and outputs
matching circuits i the carrier and the peaking amplifiers
are made different from each other 1n a manner that load
impedances of the carrier and the peaking amplifiers are
reduced for proper power matching.

BRIEF DESCRIPTION OF THE

DRAWINGS

The above and other objects and features of the present
invention will become apparent from the following descrip-
tion of preferred embodiments, given in conjunction with
the accompanying drawings, in which:
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FIG. 1 shows a graph for comparing a fundamental
current component between a carrier amplifier and a peaking
amplifier 1n a conventional Doherty amplifier;

FIG. 2 describes a block diagram of a conventional
Doherty amplifier;

FIG. 3 provides a block diagram of conventional N-way
Doherty power amplifying apparatus employing a symmet-
ric power driver;

FIG. 4 illustrates a block diagram of conventional N-stage
Dohorty power amplilying apparatus employing a symmet-
ric power drwer

FIG. 5 offers an exemplary block dlagram of an N-way
(N=2) power amplifying apparatus using an asymmetric
power drive 1n accordance with a preferred embodiment of
the present mnvention;

FIG. 6 presents a block diagram of an N-way (where N 1s
a positive integer equal to or greater than 2) power ampli-
fying apparatus using an asymmetric power drive in accor-
dance with another preferred embodiment of the present
invention;

FIG. 7 1llustrates a block diagram of an N-stage (where N
1s a positive integer equal to or greater than 2) power
amplifying apparatus using an asymmetric power drive n
accordance with further another preferred embodiment of
the present invention;

FIG. 8 depicts a diagram for explaining an operation
principal of a Doherty amplifier in accordance with the
present 1nvention;

FIG. 9A describes a graph for comparing a fundamental
current component to an input power level between the
conventional Doherty power amplitying apparatus in FIG. 3
and the novel power amplifying apparatus 1in FIG. 6;

FIG. 9B shows a graph 1illustrating an impedance distri-
bution to an input power level for explaining a load modu-
lation occurred 1n the power amplifying apparatus shown 1n
FIG. 6;

FIG. 10A provides a graph showing the load impedance
of FIG. 9B 1n terms of a load line;

FIG. 10B presents a graph illustrating a load line, which
1s achieved by varying matching circuits to derive the
changes of the load impedance of FIG. 9B 1n order to obtain
a maximum output from the power amplifying apparatus in
accordance with the present invention;

FIG. 11A depicts a two-tone simulation graph between an
IM3 level and an average output;

FIG. 11B represents a two-tone simulation graph between
an IM3 phase and an average output;

FIG. 12 offers a detailed block diagram of the asymmetric
power driver shown 1 FIGS. § and 6;

FIG. 13 A illustrates a metal oxide semiconductor (MOS)
device employed 1 the power amplifying apparatus 1in
accordance with the present invention;

FIG. 13B depicts a base junction transistor (BJT) device
employed 1n the power amplifying apparatus 1n accordance
with the present invention; and

FIG. 14 describes a block diagram of a power amplifying
apparatus having a bias controller in accordance with the
present 1nvention;

FIG. 15A describes a correlation graph between an adja-
cent channel leakage ratio (ACLR) and average output
power of the power amplilying apparatus shown 1n accor-
dance with the present invention;

FIG. 15B illustrates a correlation graph between drain
elliciency and average output power of the power amplify-
ing apparatus in accordance with the present invention;

FIG. 16A 1s a correlation graph between an ACLR and
average output power 1n an optimized matching circuit; and
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FIG. 16B shows a correlation graph between drain efli-
ciency and the average output power 1n an optimized match-
ing circuit.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

L1l

Hereinafter, preferred embodiments of the present inven-
tion will be described 1n detail with reference to the accom-
panying drawings.

FIG. 5 offers a block diagram of an N-way (in case of
N=2) power amplilying apparatus using an asymmetric
power drive 1n accordance with a preferred embodiment of
the present invention. The power amplifying apparatus
shown 1 FIG. § includes an asymmetric power driver 300,
a transmission line 502, a carrier amplifier 504 and a peaking
amplifier 506 connected 1n parallel, an offset line 508, a first
quarter-wave transmission line 510 and a second quarter-
wave transmission line 512.

The carrier amplifier 504 forms a Doherty amplifier
together with the peaking amplifier 506. The carrier and the
peaking amplifier 504 and 506 have the same input and
output matching circuits, respectively.

The asymmetric power driver 500 performs an asymmet-
ric power drive to the carrier and the peaking amplifier 504
and 506. Preferably, more power 1s supplied to the peaking
amplifier 506 than to the carmner amplifier 504. Herein, a
power capacity 1s measured 1n “gm” and a unit thereof 1s I/V.
Further, the power capacity also denotes a device size.

With the asymmetric power driver 500, asymmetric
power 1s provided to the carrier and the peaking amplifiers
504 and 506 without providing the symmetric power to the
carrier and the peaking amplifiers 504 and 506 as 1 a
conventional case. The asymmetric power driver 500 will be
described 1n detail with reference to FIG. 12.

The transmission line 502 serves to synchronize phases
between the carrier and the peaking amplifiers 504 and 506.
More specifically, the transmission line 502 allows each of
the amplifiers 504 and 506 to have the same 1nput/output
matching circuits so that each of the amplifiers can output at
the same characteristic impedance, e.g., 50 Ohm, thereby
enabling the production of a maximum output from the
Doherty amplifier.

Alternatively, the power amplifying apparatus according
to the present invention can also be implemented 1n a
manner that a maximum output 1s obtained from the Doherty
amplifier by forming different input and output matching
circuits in the carrier and the peaking amplifiers 504 and
506. To do so, the load impedances of the carrier and the
peaking amplifiers must be reduced appropriately for better
linearity and also for proper power matching. Especially,
because the bias point of the peaking amplifier 1s lower than
that of the carrier amplifier, the load impedance of the
peaking amplifier must be reduced more than that of the
carrier amplifier, as shown 1n FIG. 10B, to thereby achieve
a better linearity and a proper power matching.

The offset line 508 permits to occur a proper load modu-
lation by increasing impedance output while the peaking
amplifier 506 1s not operating.

The first quarter-wave transmission line 510 serves as an
impedance nverter, thereby implementing the Doherty
operation. For example, the first quarter-wave transmission
line 510 reverses an output as 2R _, where R _ denotes load
impedance. The second quarter-wave transmission line 512
changes load impedance from 50 Ohm to 25 Ohm. In this
case, since the Power amplifying apparatus i1s formed by
connecting a single carrier amplifier 504 and a (N-1)-
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6

number of peaking amplifiers 506 in parallel, the load
impedance thereof should be made to have R_/N with
respect to a characteristic impedance of 50 Ohm. For
example, FIG. 5 shows the 2-way power amplilying appa-
ratus (1.e., N=2) and, therefore, there should be provided the
second quarter-wave transmission line 512 for changing the
load impedance from 350 Ohm to 25 Ohm, wherein the

characteristic impedance of the second quarter-wave trans-
mission line 512 can be expressed as v(50x25) Ohm.

As described above, the power amplifier shown 1n FIG. 5
1s implemented by employing the asymmetric power driver
500, and has a configuration a parallel connection of the
input/output matched carrier and peaking amplifiers 504 and
506. In this case, output ends of the two amplifiers 504 and
506 are implemented through a Doherty network composed
of the oflset line 508 and a quarter-wave transiformer (A/4
line) with the first and the second quarter-wave transmission
lines 510 and 512.

FIG. 6 illustrates an N-way (where N 1s an integer equal
to or greater than 2) power amplifying apparatus in accor-
dance with another preferred embodiment of the present
invention. The N-way Power amplitying apparatus includes
an N-way asymmetric power driver 600, a transmission line
block 602, a Doherty amplifier 604, an oflset line 606 and a
first and a second quarter-wave transmission line 608 and
610.

The Doherty amplifier 604 1s composed of N-number of
amplifiers including a single carrier amplifier CA and the
(N-1)-number of peaking amplifiers PA, to PA,._),.
wherein each of the amplifiers has therein input and output
matching circuits.

The N-way asymmetric power driver 600 performs an
asymmetric power drive on the carrier amplifier CA and the
(N-1)-number of peaking amplifiers PA | to PA._,,, respec-
tively. In accordance with the present invention, each power
supplied to the (N-1)-number of peaking amplifiers 1s equal
to or higher than that supplied to the carrier amplifier by
more than a specific value. In this regard, the N-way
asymmetric power driver 600 can make the (N-1)-number
of peaking amplifiers in an asymmetric power drive or a
symmetric power drive. That 1s, either a same power or a
separate power can be provided to each of the peaking
amplifiers.

Alternatively, 1t 1s also possible to allow the N-way
asymmetric power driver 600 to respectively provide dii-
ferent mnput ratios to the mput matching circuits in the
peaking amplifiers.

Moreover, 1mn order to perform the asymmetric power
drive, 1t 1s possible to make the input/output matching
circuits same 1n the carrier amplifier and the (N-1)-number
peaking amplifiers. Alternatively, the carrier amplifier and
the (N-1)-number peaking amplifiers can have different
input and output matching circuits from each other, wherein
the mput and the output matching circuits 1n the (N-1)-
number peaking amplifiers all have the same or different
configurations.

FIG. 7 depicts an N-stage (where N 1s a positive integer
equal to or greater than 2) power amplifying apparatus 1n
accordance with further another preferred embodiment of
the present invention. The N-stage Power amplifying appa-
ratus includes an N-stage asymmetric power driver 700, a
transmission line 702, a Doherty amplifier 704, an offset line
706, an N-number of {irst quarter-wave transmission lines
708 and a second quarter-wave transmission lines 708 and
710. As shown i FIG. 6, the Doherty amplifier 704 1is
composed of N-number of amplifiers including a single
carrier amplifier CA and (N-1)-number of peaking ampli-
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iers PA, to PA,._,,, wherein each of the carrier and the
peaking amplifiers has therein iput and output matching
circuits.

The embodiment described 1n FIG. 7 1s substantially the
same as that shown 1n FIG. 6 except that the first quarter-
wave transmission lines 708 have a cascade connection. The
Doherty amplifier gradually perform a Doherty operation 1n
a manner similar to the power amplifier shown i FIG. 4.
That 1s, the carrier amplifier CA 1s turned on and then a first
peaking amplifier PA, 1s turned on, thereby performing the
Doherty operation. Next, both the carrier amplifier CA and
the first peaking amplifier PA, serve as a carrier amplifier
together and, further, the second peaking amplifier PA,
serves as a peaking amplifier, thereby performing the
Doherty operation. With such configuration, maximum eth-
ciency can be obtained from a much lower power level and,
turther, 1t 1s also possible to obtain the maximum efliciency
at an intermediate level, so that high efliciency can be
obtained over a full power range.

The N-stage asymmetric power driver 700 performs a
symmetric power drive on the carrier amplifier CA and the
peaking amplifiers PA, to PA,._,). More specifically, the
power supplied to the (N-1)-number of peaking amplifiers
1s higher than that supplied to the carrier amplifiers by more
than a specific value.

Alternatively, 1t 1s also possible to allow the N-stage
asymmetric power driver 700 to provide asymmetric power
having different input ratios to the input/output matching
circuits 1n the peaking amplifiers. Furthermore, the carrier
amplifier and the (N-1)-number of peaking amplifiers can
have the same mput/output matching circuits. Or, the carrier
amplifier and each of the peaking amplifiers can have
different input/output matching circuits from each other,
wherein the mput/output matching circuits in the peaking
amplifiers can be either same or different.

Meanwhile, as described in FIG. 1, the put/output
matched carrier amplifier and peaking amplifiers have bias
points biased as a class AB and a class C, respectively, and,
therefore, they reveals the difference in the fundamental
current components. At this time, the peaking amplifiers
biased as the class C has less gain than the carrier amplifier.
Accordingly, when the carrier amplifier reaches 1ts maxi-
mum fundamental current level, the peaking amplifier does
not reach 1ts maximum fundamental current level. Such ratio
1s expressed by o defined as:

- Iic
Lp-(1-K)

o

where I, ~ and I, , mdicate the fundamental current com-
ponents of the carrier amplifier and the peaking amplifiers,
respectively; K denotes the portion of the voltage where the
peaking amplifier starts to conduct; and I, »-(1-K) describes
the fundamental current level of the peaking amplifier at the
maximum input drive for the carrier amplifier.

FIG. 8 presents a conceptual diagram of the Power
amplifying apparatus using an asymmetric power drive 1n
accordance with the present invention.

As 1llustrated 1n FI1G. 8, a carrier amplifier and a peaking
amplifier are respectively indicated as current sources I ~and
[, wherein load impedances of the carrier amplifier, the
peaking amplifier and the Doherty amplifier are indicated as
/., /5 and Z,, respectively.

First of all, in a low power region (0<V,,<K-V, ), the
peaking amplifier 1s turned o

1, which results 1n an open state
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of the current source 1.. Thus, the carrier amplifier operates
depending on a quarter-wave transmission line (=A/4 line)
and the load impedance of the Doherty amplifier Z;.

Further, 1n a high power region (K-V,, .. <V, <V, ).
both the carrier and the peaking amplifiers operate and, thus,
the load impedances of the amplifiers are determined by
respective functions of the current sources, which are

defined by the following Eq. 2.

( 72 Eq.2
_Ta O{VEH{K.VEHIHEK
V43 ’
ZC —
Z7
] K- Vin,max < Vip < Vin max
 ZL- (L +ip/lc) ’
(00, 0 < vy < K- Vimax
Lp =+ !
g ZL(]- + I_C), K- Vin,max < Vip < Viﬂ,max
\ P

FIG. 9A expresses a graph for comparing fundamental
current components according to an mput voltage level
between the conventional Doherty amplifier and the novel
Power amplilying apparatus. The current components for
the carrier amplifier and the peaking amplifier achieved
through respective power driving can be expressed by a
tollowing Eq. 3 (herein, a symmetric power driven amplifier
1s indicated as “even”, whereas an asymmetric power driven
amplifier 1s indicated as “uneven”):

( flpp =0, O<vy, <K- Vm’miﬁ Eq3
lpeven =9 hip
Vin — K- II,P:‘ K- Vin,max < Vip < Viﬂ,max
) Vin,max
FD'ILPZO D{Vin{K'Vin,max
fp = < D'fl P
e : Vin — K- U'ILP, K- Vin,max < Vip < Vin,ma};
. Vin,max
where K-V_  1indicates an input voltage level at which

peaking amplifier of the class C is triggered at low bias.

As depicted 1n FIG. 9A, as the input power increases, the
fundamental current component increases accordingly 1n the
current source. At this time, 1f the mput power 1s equally
applied to the carrier amplifier and the peaking amplifier, the
fundamental current component of the carrier amplifier
reaches a maximum level, while the fundamental current
components of the peaking amplifier does not reach the
maximum level due to a bias difference to the carrier
amplifier and the peaking amplifier. Therefore, as in the
“even” mode (1.e., the symmetric power drive), there occurs
a difference in the fundamental current component.

To overcome such 1ssues, the present invention employs
an “uneven” mode (i.e., the asymmetric power drive), to
thereby equalize the fundamental current components of the
carrier amplifier and the peaking amplifier depending on the
maximum input power. FIG. 9B shows a graph illustrating
a correlation between the load impedance and the input

power level according to the fundamental current compo-
nents ol FIG. 9A.

As shown 1 FI1G. 9B, 1in a low power level where only the
carrier amplifier operates, the load impedances are the same,
1.e., 100 Ohm, 1n both the asymmetric power drive and the
symmetric power drive. In other words, in the low power
level, only the carrier amplifier operates at the load 1mped-

ance of 100 Ohm that 1s twice 50 Ohm. Theretore, the power
amplifving apparatus 1s widely used so that the maximum
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elliciency can be achieved at a point corresponding to a V4
of the maximum power thereof, which can be known by the
load impedance. However, 1n a high power level, when the
peaking amplifier just starts to conduct, the load impedance
starts to decrease.

In the conventional amplifier using a symmetric power
drive, the load modulation does not properly occur and,
accordingly, the carrnier amplifier and the peaking amplifier
have an impedance much greater than 50 Ohm at a point
where a maximum output 1s produced. In other words, as
illustrated 1 FIG. 9B, 1n the high power range, only when
the load impedance changes from infinite peaking imped-
ance to 50 Ohm, the maximum output of the Doherty
amplifier can be obtained. However, in the “symmetric”
mode, such operation 1s not carried out. On the other hand,
in the amplifier using an asymmetric power drive 1n accor-
dance with the present invention, the carrier amplifier and
the peaking amplifier have an impedance of 50 Ohm at a
point where the maximum output 1s attained. And, also, in
the entire high power region, the load modulation occurs at
a lower impedance 1 comparison with the case of an
amplifier using a symmetric power drive. Therefore, the
power amplifier using an asymmetric power drive 1n accor-
dance with the present invention has high linearity while
maintaining high efliciency and turther produces a desired
maximum output, thereby improving the overall utility of
the solid-state device.

FIG. 10A provides a graph showing changes of the load
impedance of FIG. 9B 1n terms of a load line.

A left graph 1n FIG. 10A illustrates a load line of the
symmetric power drive and the asymmetric power drive,
which 1s obtained when the peaking amplifier has just been
turned on at a low power level. The load line 1s almost the
same as that shown 1n FIG. 9B. That 1s, at the lower power
level, the load impedance 1n the “asymmetric” and “sym-

metric” modes becomes twice, which 1s indicated by the
load lines of the left graph of FIG. 10A.

A night graph 1n FIG. 10A shows the load lines of the
symmetric and the asymmetric power drives at a point where
a maximum power 1s attained. As shown 1n FIG. 9B, 1n case
of the symmetric power drive, the maximum output cannot
be achieved due to a large impedance. Moreover, 1n terms of
linearity, a much lower load line 1s formed 1n comparison
with the case of the symmetric power drive. In other words,
in the “symmetric” Doherty amplifier, 1.e., in the conven-
tional Doherty amplifier having comparatively large imped-
ance due to an mmproper load modulation, the load line
having the large impedance prevents a production of the
maximum output, which means that, in the “asymmetric™
Doherty amplifier 1n accordance with the present invention,
it 1s possible to achuieve the maximum output.

FIG. 10B presents a graph illustrating load lines obtained
by changing the load impedance of FIG. 9B 1n order to
produce the maximum output of the power amplifying
apparatus in accordance with the present invention.

In order to produce the maximum power for the large
impedance caused by the improper load modulation 1n the
Doherty amplifier using a symmetric power drive and fur-
ther to enhance the linearity, the matching circuits should be
changed so that the load line 1n the asymmetric power drive
can be obtained. As shown 1n FIG. 10B, 11 an inclination of
the load line increases by decreasing the large impedance, an
optimized load line can be achieved. Accordingly, 1t is
possible to enhance the linearity of the Doherty amplifier
using a symmetric power drive, and further, to attain the
maximum power.
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FIG. 11A depicts a two-tone simulation graph between an
inter-modulation three (IM3) level and an average output,
wherein a reason that the Power amplifying apparatus using
an asymmetric power drive 1n accordance with the present
invention achieves the optimized linearity 1s analyzed by
using the two-tone simulation.

For reference, IM3 denotes that an unknown signal 1s
mixed with and then modulated together with two or more
frequencies passing through a nonlinear system or a non-
linear circuit. Further, IMD refers to a distortion generated
by such an inter-modulation. Especially, 1n case of the IM3
component, 1.€., two-tone frequencies 11 and 12, although a
signal having various hybrid components 1s outputted, mul-
tiple harmonics such as 2*11, 3*12 and so on can be removed
by a filter. Since, however, third order harmonic frequencies
overlapped with the 11 and the 12 signal, e.g., 2*11-12 and
2*12—11, cannot be removed even by the filter, they indicate
an index of the linearity.

Moreover, the two-tone simulation indicates an analysis
or a measurement performed by using two frequency com-
ponents 1n a measuring device, a testing, a harmonic balance
or the like. In case of measuring IMD and IM3, two-tone
signals having oflset frequencies (two-tone spacing) are
introduced about a central frequency, to thereby analyze the
IMD between the two signals, 1.e., the linearity of the
amplifier.

As shown 1n FIG. 11A, if the asymmetric power drive
increases 1n term of the IM3, 1n other words, 1if x 1n 1:x, 1.e.,
a ratio of the peaking power, increases, the distributions of
IM3 levels 1n the carrier and the peaking amplifier become
wider together 1n a region. On the other hand, 1n case where
phases become opposite gradually by a decrease of the
output power, the distributions of IM3 levels becomes
narrower.

That 1s, the power amplilying apparatus having the opti-
mized linearity proposed by the present invention achieves
the high linearity by employing a method for offsetting the
IM3 level of the carrier and the peaking amplifier. In this
case, the IM3 level of each amplifier 1s lower than that of the
class AB power amplifier. Moreover, as the level becomes
lower, the IM3 level 1s further offset, thereby considerably
improving the linearity. Accordingly, the carrier and the
peaking amplifier should be so designed as to have the
optimized linearity. Especially, 1n a low power level, the
peaking amplifier 1s turned off and, further, only the carrier
amplifier operates. Therefore, 1t 1s preferable to design the
carrier amplifier so as to operate linearly. Matching varia-
tions (MV) illustrated 1n FIGS. 11 A and 11B were compared
between the asymmetric power driven carrier and peaking
amplifier that are so designed as to more linearly operate by
employing the aforementioned concept.

FIG. 11B represents a two-tone simulation graph between
an IM3 phase and an average power, wherein a reason that
the Power amplifving apparatus using the asymmetric power
drive achieves the optimized linearity 1s analyzed by using
the two-tone simulation as 1n FIG. 11A.

As 1llustrated, when the phase diflerence between the
carrier amplifier and the peaking amplifier becomes 180
degrees due to the increase of the output power and the IM3
levels of the amplifiers are the same, the offset eflect i1s
produced. In case of the power amplifiers using the asym-
metric power drive, a region corresponding to the phase
difference of 180 degrees 1s more widely distributed. That 1s,
in the high power level, it 1s preferable to design the
amplifiers in a way that the IM3 levels of the carnier and the
peaking amplifier are the same and the phase difference
therebetween becomes 180 degree, to thereby eflectively
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carry out the ofiset of the amplifiers. To summarize, refer-
ring to FIG. 11B, as the asymmetric power drive increases,
the IM3 phase of the carrier amplifier increases from a low
average output point toward a down (negative value) direc-
tion. In contrast, the IM3 phase of the peaking amplifier
increases toward an up (positive value) direction, thereby
enlarging the region corresponding to the phase diflerence of
180 degree. Further, 11 the matching circuits are changed so
as to achieve optimized impedance, the phases are not
considerably changed, whereas the IM3 level decreases as
shown 1 FIG. 11 A. Furthermore, as the asymmetric power
drive increases, the IM3 level decreases 1 a high average
output region. Accordingly, when the IM3 levels are low and
same and the phases are opposite from each other, the carrier
and the peaking amplifier can be linearly designed with a
proper load modulation, thereby achieving the optimized
lineanty.

FIG. 12 illustrates an example of the asymmetric power
driver 500 illustrated in FIG. 5. Although 1t 1s not particu-
larly described and shown, it 1s understood that the asym-
metric power driver illustrated i FIG. 5 1s equally applied
to all the preferred embodiments of the power amplifying
apparatus 1n accordance with the present mnvention.

The asymmetric power driver 300 includes a 3 dB hybnid
coupler 1202 and an attenuator 1204. The 3 dB hybnd
coupler 1202 1s used for a symmetric power drive and serves
to couple an mput power to the carrier amplifier 504 and the
peaking amplifier 506. The attenuator 1204 1s connected
between the 3 dB hybrid coupler 1202 and the carrier
amplifier 504 to attenuate amplitude of the power to the
carrier amplifier 504, thereby increasing a power to the

peaking amplifier 506 relative to that of the carrier amplifier
504.

Alternatively, the 3 dB hybrid coupler may be substituted
with a Wilkinson divider and, further, instead of the afore-
mentioned attenuator 1204, an amplifier may be connected
to an mput matching circuit of the peaking amplifier 504,

thereby enabling to increase the power drive of the peaking
amplifier 504.

It has been described that the attenuator or the amplifier
in this embodiment 1s connected to the mput matching
circuit of the carrier amplifier or that of the peaking ampli-
fier, however, the connection of the attenuator or the ampli-
fier may be changed for a relative difference 1n a power drive
without being limited to the aforementioned connection.

Furthermore, the asymmetric power drive 1 accordance
with the present invention can employ a method for making,
input power supplied to the peaking amplifier higher than
that supplied to the carrier amplifier by 4 dB through the use
of a coupler having an optional coupling ratio, e.g., a 5 dB
coupler such as 1A1305-5 available from Anaren, Inc. 1n

U.S.A.

FIGS. 13A and 13B describe examples of the carnier and

the peaking amplifiers in accordance with the present inven-
tion.

As shown in FIG. 13 A, each of the carrier and the peaking
amplifiers includes a metal oxide semiconductor (MOS)
FET device, which has a gate terminal G for applying a gate
bias together with an input matching circuit in the carrier/
peaking amplifier, a drain terminal D for applying a drain
bias together with an output matching circuit 1n the carrier/
peaking amplifier and a source terminal S grounded to an
carth.
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As shown 1n FIG. 13B, each of the carrier and the peaking
amplifiers includes a base junction transistor (BJT) device,
which includes a base terminal B for applying a base bias
together with the imput matching circuit in the carrier/
peaking amplifier, a collector terminal C for applying a
collector bias together with the output matching circuit 1n
the carrier/peaking amplifier and an emitter terminal E
grounded to an earth.

FIG. 14 describes an exemplary block diagram of the
power amplifying apparatus shown in FIG. 5 provided with
a bias controller.

The power amplifying apparatus includes a coupler 1400,
a power detector 1402, a bias controller 1406, an asymmet-
ric power divider 500, a transmission line 502, a carrier
amplifier 504, a peaking amplifier 506, an oilset line 508, a
first quarter-wave transmission line 510 and a second quar-
ter-wave transmission line 512.

The carrier amplifier 504 1s provided with a MOS FET
1410 described with reference to FIG. 13 A, an mnput match-
ing circuit 1412 and an output matching circuit 1414,
wherein the input and the output matching circuits 1412 and
1414 are connected by the MOS FET 1410. To be more
specific, the gate terminal G and the drain terminal D of the
device 1410 are connected to the input and the output
matching circuit 1412 and 1414, respectively.

Similarly, the peaking amplifier 506 1s provided with
MOS FET 1420, an mput matching circuit 1422 and an
output matching circuit 1424, wherein the input and the
output matching circuits 1422 and 1424 are connected by the
MOS FET 1420. More specifically, the gate terminal G an
the drain terminal D of the device 1420 are connected to the
mput and the output matching circuit 1422 and 1424,
respectively.

The bias controller 1406 1s connected to the carrier and
the peaking amplifier 504 and 508, respectively. The bias
controller 1406 controls a bias of the carrier and the peaking
amplifiers 504 and 506, thereby optimizing the linearity and
the efliciency of the power amplifying apparatus. More
specifically, the bias controller 1406 applies gate bias volt-
ages to the gate terminals G of the MOS FETs 1410 and
1420, respectively and further selectively applies drain bias
voltages to the drain terminals D of the MOS FETs 1410 and
1420, respectively, thereby controlling the gate bias and the
drain bias.

Remaining components are the same as those described 1n
FIG. 5 and, thus, a detailed description thereof will be
omitted for simplicity.

In this case, this embodiment can employ the BJT device
described 1 FIG. 13B as well as the MOS FET device of
FIG. 13A. A connection relationship and an operation

thereol can be easily understood by those who skilled 1n the
art and, thus, a detailed explanation will be omitted.

Heremaftter, the ethciency and linearity of the power
amplifving apparatus having the aforementioned asymmet-
ric power driver will be considered with reference to FIGS.

15A and 15B.

FIG. 15A describes a graph showing an experiment result
performed on the configuration shown in FIG. 12 so as to
investigate an adjacent channel leakage ratio (ACLR), 1.e.,
the linearity measured using an MRF281 device available
from Motorola mnc. mn U.S.A., i terms ol average output
power. The ACLR denotes that a signal having a spectrum
such as CDMA 1s compared using marker-to-marker on the
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spectrum between i1ts own channel and an adjacent channel
away Irom a frequency domain by a random oflset. In other
words, the ACLR indicates a value obtained by subtracting
a marker of its own channel from another channel. The
spectrum of the adjacent channel 1s generated by nonlinear
characteristics of the amplifier. And also, ACLR 1s used for
an index representing the linearity of the amplifier.

As shown 1n FIG. 15A, as the uneven ratio increases, the
linearity becomes improved. This proves that the maximum
output increases and, further, the performance 1s improved 1n
terms of the efliciency.

FIG. 15B illustrates a graph depicting a result of a drain
elliciency experiment performed in terms of the average
output power. As 1llustrated, the asymmetric power drive
enables to achieve a high efliciency.

Based on such result, the power amplilying apparatus
using the asymmetric power drive can achieve high linearity
while maintaining the high efliciency.

FIGS. 16 A and 16B represent graphs showing an experti-
ment result obtained by employing the asymmetric power
drive, wherein improvement degrees of the matching varia-
tion (MV) efliciency and the linearity are also checked by
optimizing the matching circuits during the symmetric
power drive.

Above all, FIG. 16A indicates ACLR characteristics 1n
terms of the average output power. When the symmetric
power drive has been employed and the matching circuit has
been optimized, the ACLR 1s considerably improved in
comparison with the class AB amplifier. Further, 1n case the
matching circuit and the asymmetric power drive have been
employed, the linearity 1s further improved 1n a high power
level.

FIG. 16B 1illustrates the drain efliciency i terms of the
average output. In case the matching circuit and the asym-
metric power drive have been employed, the higher efli-
ciency 1s achieved.

As a result, in case the conventional symmetric power
drive has been employed; the loads of the carrier and the
peaking amplifier considerably increase, thereby preventing,
the implementation of the optimized performance. Mean-
while, 1n case the asymmetric power drive 1 accordance
with the present invention has been employed, 1t 1s possible
to achieve the optimized linearity and the high ethiciency.

The present invention can solve problems raised in the
conventional microwave Doherty amplifies 1n which an
improper load modulation occurs and a maximum output 1s
not produced, thereby achieving the high efliciency and the
optimized linearity. I the present invention 1s employed 1n
an existing mobile communication network or in CDMA
base-stations/handsets, the high efliciency and linearity can
be achieved, thereby improving price competitiveness and
reliability. Especially, the present invention can be simply
implemented at a low cost by using an asymmetric power
driver or a coupler for an asymmetric power drive.

While the invention has been shown and described with
respect to the preferred embodiments, it will be understood
by those skilled in the art that various changes and modifi-
cation may be made without departing from the spint and
scope of the mvention as defined in the following claims.

What 1s claimed 1s:

1. A Doherty amplifier, comprising;

a carrier amplifier and a peaking amplifier connected in
parallel; and
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an asymmetric power driving means for driving the
carrter amplifier and the peaking amplifier using an
asymmetric power drive,

wherein the asymmetric power driving means supplies an
identical power to the carrier amplifier and the peaking
amplifier and wherein a device size of the carrier
amplifier 1s different from that of the peaking amplifier.

2. A Doherty amplifier, comprising;:

a carrier amplifier and a peaking amplifier connected 1n
parallel; and

an asymmetric power driving means for drniving the
carrier amplifier and the peaking amplifier using an
asymmetric power drive,

wherein the asymmetric power driving means includes a
coupler having an optional coupling ratio and supplies
a power to the peaking amplifier higher than that
supplied to the carrier amplifier.

3. A Doherty amplifier, comprising;:

a carrier amplifier and a peaking amplifier connected 1n
parallel; and

an asymmetric power driving means for driving the
carrier amplifier and the peaking amplifier using an
asymmetric power drive,

wherein the asymmetric power driving means includes:

a power divider for distributing an input power to the
carrier amplifier and the peaking amplifier; and

an amplifier, mterposed between the power divider and
the peaking amplifier, for amplifying an amplitude of a
power distributed to the peaking amplifier.

4. A power amplifying apparatus, comprising:

a Doherty amplifier having a single carrier amplifier and
a plurality of peaking amplifiers, the carner amplifier
and the peaking amplifiers being connected 1n parallel;

an asymmetric power driving means for driving the
carrter amplifier and the peaking amplifiers using an
asymmetric power drive; and

a Doherty network, connected to an output end of the
Doherty amplifier, for controlling a load impedance of
the amplifying apparatus,

wherein the asymmetric power driving means supplies
powers to the peaking amplifiers higher than that
supplied to the carrier amplifier and amplitudes of the
powers to the peaking amplifiers are identical to each
other.

5. A power amplifying apparatus, comprising:

a Doherty amplifier having a single carrier amplifier and
a plurality of peaking amplifiers, the carner amplifier
and the peaking amplifiers being connected 1n parallel;

an asymmetric power driving means for drniving the
carrier amplifier and the peaking amplifiers using an
asymmetric power drive; and

a Doherty network, connected to an output end of the
Doherty amplifier, for controlling a load impedance of
the amplifying apparatus.

wherein the asymmetric power driving means supplies
identical powers to the carrier amplifier and the peaking
amplifiers and wherein a device size of the carrier
amplifier 1s different from those of the peaking ampli-
fiers.

6. A power amplifying apparatus, comprising;

a Doherty amplifier having a single carrier amplifier and
a plurality of peaking amplifiers, the carrier amplifier
and the peaking amplifiers being connected 1n parallel;

an asymmetric power driving means for drniving the
carrier amplifier and the peaking amplifiers using an
asymmetric power drive; and
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a Doherty network, connected to an output end of the a means for driving the carrier amplifier and the peaking
Doherty amplifier, for controlling a load impedance of amplifiers using either an asymmetric power drive or a
the amplifying apparatus, symmetric power drives,

wherein the asymmetric power driving means includes: wherein the output matching circuits in the carrier ampli-
an opt{onal COl}pler for dlstrlbutlpg an 1nput power to the 5 fier and in the peaking amplifiers have load impedances
carrier amplifier and the peaking amplifiers; and different from each other

an amplifier, interposed between the optional coupler and
the peaking amplifiers, for amplifying an amplitude of

8. The power amplitying apparatus of claim 7, wherein

powers distributed to the peaking amplifiers. the load impedances of the mput matching circuits 1n the
7. A power amplifying apparatus, comprising: 1o carrier amplifier and in the peaking amplifiers are different
a carrier amplifier and one or more peaking amplifiers trom each other.

connected 1n parallel, each having input and output
matching circuits; and £ % % % %
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